A simple laser interferometer has been utilized to measure the thermal expansion and opticallength variation with temperature of highly reactive fluorides at high temperatures. The interferometer is a modification of the Jamin interferometer in which a laser beam is split into two parallel beams which traverse nearly identical paths and are reflected from the sample and a reference mirror. The reflected beams recombine to produce an interference pattern. The displacement of the front sample surface, relative to the reference mirror at the back sample surface, allows the thermal expansion to be measured. The sample and reference mirrors are made rdecting by depositing a platinum film on the surface. The same arrangement of beam splitters has been used to measure the variation in optical length with temperature. In this case, the sample is not coated with platinum. Measurements of thermal expansion have been made up to 1000 K above which the platinum film becomes unstable. Optical lengths of various fluorides have been measured up to 1100 K. The platinum is not observed to diffuse into divalent metal fluorides although these samples oxidize readily at certain high temperatures. The advantages and disadvantages of this method are discussed.
INTRODUCTION
Superionic conductors are electrochemical systems of great technological interest. The alkaline earth, cadmium, and lead fluorides belong to a class of superionic conductors which possess the fluorite structure. The alkaline earth and lead fluorides undergo a diffuse transition, also known as the Faraday transition.' In a d a m e transition, the ionic conductivity increases continuously up to the transition temperature, above which it tends to saturate. The aim of the present work was to develop a simple, compact interferometer to study the phase transitions by the measurements of the thermal expansion and optical-length coefficients. The need for the present work was imposed, in part, by the fact that near the transition temperature, the fluorides become highly reactive. The high reactivity of the sample results in the sample oxidation as well as deterioration of some sample h~lders.~" An optical, noncontact method was desirabledue to the high reactivity of fluorides near this diffuse transition. The autocollimation methodS and the method of measuring the angle of minimum deviation6 present difficulties in rotating a prism made of the sample material accurately at temperatures as high as 1100 K. Optical methods including Fizeau and Fabry-Perot interferometry incorporating quartz or glass optical flats7 in contact with the fluorides could not be used because of the fluorides' reactivity. Among other interferometric techniques,' use of a sample surface as part of a Fabry-Perot interferometers imposes severe flatness and parallelism requirements which would have been difficult to achieve in available samples and in materials such as lead fluoride and cadmium fluoride by hand lapping. An optical interferometer used to measure the thermal expansion of samples of small cross section9 could have been adapted to the present requirements but would have required longer beam paths to generate the split, parallel beams. Various optical interferometers have been used in dilatometry which satisfy the compact spatial requirements but utilize two frequency lasers.I0." The optical interferometer reported here is somewhat simpler than the double-passed Michelson interferometer'' which would also meet the present experimental requirements. We tried several interferometric arrangemend in our measurements. The arrangement described below was found to yield the most satisfactory results for the thermal expansion and optical-length coefficients.
I. DESCRIPTION
The interferometer is basically a modification of a Jamin interferometer.I3 A laser beam is split into two parallel beams with the help of a window beam splitter (Fig. 1) . The INTRODUCTION ber of holes in the graphite mount along its circumferIn recent years there has been considerable interest in solid electrolytes. These materials exhibit anomalously high ionic conductivity and are being considered as potential candidates for energy storage devices. Divalent metal fluorides belong to this class of materials and conduct via the motion of fluorine anions. NMR studies of these materials yield useful information about the ion conduction mechanism. ' In fluorine conductors, the fluorine ions become very mobile at a high temperature known as the Faraday transition temperature. Due to the highly reactive nature of fluorine, the substances in physical contact with the fluorine-conducting sample are corroded and the sample itself deteriorates. The presence of oxygen in any form (free or bound) results in oxidation of the sample, thereby, altering its properties. In any high-temperature NMR study, this problem has to be solved in order to get meaningful results.
Several high-temperature N M R probes have been described in the literat~re,~-" which use platinum, molybdenum, silicon carbide, and tantalum as the heating elements. Unfortunately the high cost of platinum, tantalum, ence. The capillary tubes and graphite mounts together form a cage ( 1 50 mm long, 10 mm diameter) (Fig. 1 ) . The capillary tubes occupy a small volume, thus leaving more room for insulation. The heating wire is Nichrome (80% Ni, 20% Cr). It is nonferromagnetic4 and we have found that it exhibits no magnetism in a field of 6 kG.
The other compositions of Nichrome are ferromagnetic. The heating wire is threaded through the capillary tubes in such a manner that the same wire passes through the adjacent tubes to form a series of hairpins. The even number of turns of the wire in this type of winding makes the arrangement noninductive. The heating wire is attached to two thin brass rods with the help of screws. The brass rods are insulated from a brass flange with epoxy and serve as the two input power terminals. Alumina paper" insulation is wrapped around the ceramic capillary tubes and this assembly is inserted into a ceramic tube (360 mm long, 17 mm inner diameter) and sealed with an O-ring compression seal (Fig. 2) . Alumina paper plugs are inserted at both ends of the heater to reduce axial heat loss. Alumina paper has lower thermal conductivity than asbestos. Absence of organic binders and molybdenum makes the heater kxpensive. Besides, the tantalum and molybdenum heaters require a very good vacuum Torr) to operate satisfactorily, otherwise they absorb oxygen and become brittle. The use of silicon carbide, having low resistivity, necessitates the use of a high current, thereby producing a large disturbing magnetic field. Cements have been used by others to hold the heating wire and the rf coils. Cements become good electrical and thermal conductors at high temperatures, thereby causing large heat loss and electrical leak- ing of the heating wire which arises due to differential thermal expansion of the heating wire and cement. We have developed a probe suitable for studying solid electrolytes in which we have minimized the above problems.
The heater consists of graphite mounts and ceramic (98% Alumina) capillary tubes.12 There is an even num-
INTRODUCTION
Divalent metal halides of the fluorite structure are interesfirg s o l i d electrolytes because of the simple structure, the wide range of materials which are stable (BaFz, CaF2, CdF2, 'Efiz, PbF2 ! SrFz, SrC12) , the absence of crystallographic phase transitions a t atnnspheric pressure and the similarit i e s t o antifluorite and oxide s o l i d electrolytes. These divalent metal halides are characterized by a heat capacity peak a t Tc which occurs f m 150 t o 425 K below the melting temperature. The model for s o l i d electrolyte behavior in these materials generated from a variety of experiments is the formation and saturation of Frenkel defect concentrations on the order of a few percent with a resultant hopping type of conductivity of the fluorine o r chlorine ions utilizing the l a t t i c e and defect s i t e s . 1 A consistent picture of the anionic conductivity i n these simple materials may guide understanding in some of the more useful but complicated solid electrolyte structures. l h e measurements of the linear thermal expansion coefficient, 1 de e2J;jm and the temperature derivative of the index of refraction, require a more complete picture t o be developed. These measurements are also useful in making s m l l corrections t o other measurements such as in ultrasonic and Briflouin scattering studies. Furthemre, since these sol i d electrolytes are widely used as optical materials including those found i n high power l a s e r s , knowledge of these properties is requires t o determine t h e i r limitations.
Neutron scattering studies on PbF2 and SrC12 indicate a knee in the l a t t i c e parameter variation with temperature.
A themdynamic model of these f l u o r i t e s , which predicts the diffuse heat capacity peak and the saturation of Frenkel defect concentration, also predicts a peak in a for ~a~2 . 3
Another theoretical description predicts a similar peak i n a for SrFz but not for ~a~~. Modern t h e o r e t i c a l t e c h n i q u e s and modern computers permit t h e c a l c u l a t i o n of e l e c t r o n i c s t r u c t u r e and bonding f o r most s o l i d types. There remains a need f o r simpler approaches which more c l e a r l y expose t h e t r e n d s and p h y s i c a l o r i g i n s of t h e bonding properties and which p r o v i d e approximate formulae f o r p r o p e r t i e s r a t h e r t h a n values f o r s p e c i f i c materials. Both t y p e s o f t h e o r y can d e r i v e from f i r s t p r i n c i p l e s and t h e e s s e n t i a l d i s t i n c t i o n between the two is whether t h e y a r e c a r r i e d out a n a l y t i c a l l y or by computer. Concepts which provide t h e b a s i s f o r such s i m p l e t h e o r i e s will b e discussed; t h e s e are weak pseudopotentials f o r simple m e t a l s , the,: drad, t r a n s i t i o n temperature (T !. ; c i s characterized bv an anomalv i n the s~e c i f i c heat which occurs a t t h i s temperature. h understanding o f these mat e r i a l s w l l l be h e l p f u l i n t h e development o f energy storage devices. With the advent o f high power lasers, the divalent metal f l u o r l des are being cons1 dered as potent i a l window materials. A knowledge o f hlgh temperature properties o f these materials w i l l f a c i l i t a t e t h e i r applicatton. We have undertaken an investigatton o f thermal expansion and temperature v a r i a t i o n o f r e f r a c t i v e index o f CdF2 w i t h a l a s e r interferaneter using l o c k -i n techniques. A furnace has been designed t o heat t h e sample up t o 1400 K, under vacuum.
J F 2
E l e c t r i c a l P r o e r t i e s a f Na s c P a2* L. BOEHM,
Laboratory, Argonne, I l l i n o i s 60439 . --~h~e x admittance of p e l l e t s of c r y s t a l l i n e NagSc2Pqol:, baa been determined i n ' t h e frequency range of-1 to-7-; 105 Az and t h e temperature range 25 t o 300' C. sugeests a s t r u c t u r a l phase t r s n s i t i a n , and t h e exiatencel o f t h i s phase t r a n s i t i o n h a s been s u b s t a n t i a t e d by t h e presence of a s p e c i f i c h e a t anomaly, and by o p t i c a l microacopy. The above Arrhenius p l o t a l s o shows a n abrupt change i n s l o p e a t h i g h temperature g i v i n g a n Laboratory, California I n s t l tute o f techno log^**-A large number o f s i l v e r fast ion conductors are now known; and the c r i t e r i a f o r f a s t ion conduction i n these materials are becoming better understood. I n an attempt to find precursor behavior f o r the transition I n t o the f a s t ion state, we have measured the low temperature (2-20K) specific heat o f AgI, HgAgzIq and Pyridinium Agg16. A t these temperatures we are well away from the fast I o n t r a n s i t i o n temperature and no s i l v e r motion i s expected. The measured s p e c i f i c heat of AgI agrees quite well w i t h t h a t c a l c u l a t e d from the phonon density o f tates detennined from neutron 1 scattering studies . The specific heat data w l l l be discussed I n l i g h t o f the low temperature structures o f these materials. *Supported I n p a r t by the California Institute o f Techno1 ogy President's Fund. **Work sponsored i n p a r t by NASA Contract #NAS7-100. l~u h r e r e t al, Phys. Rev 817, 3362 (1 978).
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The Thermal Conductivlty of t h e S u p e r i o n i c and
Room-Temperature Phases of S i l v e r I o d i d e . M. C. GOETZ
and J. A. COWEN, Michigan S t a t e U.--We have measured t h e thermal conductivity of preseed p e l l e t a o f 99.9% AgI from 293 K (20°C) t o 523 K (250°C) u s i n g a t r a n s i e n t h o t wire method. Below t h e phase t r a n s i t i o n a t 420 K (147-C:
we a e e a temperature dependence l i k e T2; above t h i s temperature where AgI i s a e u p e r i o n i c conductor we s e e l i t t l e evidence f o r any temperature dependence. No t h e o r e t i c a l p r e d i c t i o n s f o r t h i s b e h a v i o r have been found i n the l i t e r a t u r e . We i n t e n d , t h e r e f o r e , t o present a simple model t o e x p l a i n o u r r e s u l t s .
J F 5
Ultrasound Velocity and Thermal Expansion o f w%?
q Foster, an S. R. Montgomery, University o f Arkansas. --Divalent metal fluorides exhi b i t manv anomalous mooerties as a r e s u l t o f t h e i r high anibnic conductivity a t temperatures characterized by t h e heat capacity peak a t Tc whtch occurs several hundred degrees below the melting temperature. I n an attempt t o study these ma- ~'*~~~u~i-~t~cturc~supcrionic conductor is a one dimcoslonal conduclor. Our conduclivity rcsulls on single crystal I-iir1307 indicate hat this is not always the cnse. Lijl'i107 has Ihc ramsdellitc (BMn02) structure which consists of TiOd octahedra which share edges in such a way that Lhcrc arc channels parullcl to the c-ax&. llrese channels arc onc oclallcdron (a-nxis) by Lwo oclahcdra (b-axis) in cross ,,tion. Our mcasurcmcnts from 20 lo 500°C show that the conduclivily is ionic. lhc clcclronic cornponcnl bclng ncgligiblc Thc conduclivilics along thc lhrcc crysl:~llographic dircclions have approximalcly thc snmc aclivnrion cncrgy. U Z 0.45 cV. but they dilfer somewhat in magniludc according L o aJab Z 7 and ab/a, =: 4. Although this conducllvily is anisotropic, it is no1 sufficiently high t o clzsifr the channel-slruclurc Li;l'i307 as a onc-dimcnsioml ionlc
I '
;fl tori, 1 DiSALVO, B e l l Laboratories--We r e p o r t messurements of t h e t r a n s v e r s e (1/T2) a n d l o n g i t u d i n a l (1/T1) r e l a x a t i o n r a t e s i n t h e i n t e r c a l a t e d system LixVS2 f o r 0.33 5 x 5 1.0. The d a t a c o v e r t h e t e m p e r a t u r e r a n g e 200 -673K a n d were o b t a i r r ed a t v a r i o u s f r e q u e n c i e s i n t h e r a n g e 5.5 - 1/T1 i s weakly-dependent o n t e m p e r a t u r e a n d f r e q u e n c y o v e r t h e f u l l e x p e r imental r a n g e t h u s showing l i t t l e i n d i c a t i o n o f d i f f u s i o n c o n t r o l l e d s p i n -l a t t i c e r e l a x a t i o n . I n c o n t r a s t , a p r o n o u n c e d f r e q u e n c y -d e p e n d e n t peak i n t h e t e m p e r a t u r e -d e p e n d e n c e of 1/T1 i s observed f o r x-0.50 n e a r 400K. Above t h i s t e m p e r a t u r e T fT2 a n d 1/T2 i n c r e a s e s anomalously w i t h t e m p e r a t u r e . Fa~etteville--We present some results of Ti and T for spins in the superionlc conductor CaF2 as a functfon of temperature from room temperature up to near the Faraday transition region. The heater system using a flowing hot will be described. exhibited a weak broad band photoluminescence peaking a t 0.7 eV a t 78OK. After annealing a t 300°C, the intensity of the 0.7 eV peak increased and a new narrower peak appeared a t 1.0 eV. Annealing the sample i n atomic hydrogen a t 300°C further enhanced the efficiency of the 1.0 eV peak and eliminared the 0.7 eV emission. Since the 0.7 and 1.0 eV emissions do not depend on t h e nature of the Ion, one can conclude that the luminescence centers are defect-related rather than dopant-Induced.
JK 2 SiH Stretch Frequencies i n Crystalline 81 Implanted a t 100 K.+ H. J. Stein, Sandia Iabs--Bonding of hydrogen i n S i and the effects of low temperature defect reordering an the bonding were investigated by i n f r a r e d measurements of the SiH stretch modes &er Piinplantation a t 100K. Before annealing the spectrum i s dominated by a band a t 1992 c m -I (mJHM=20 em-'). This band anneals out by 200K t o be replaced by bands a t 1840 and 2062 em-(iMBf+10 an-I ) . By 300K weU resolved bands a r e a l s o observed a t 1927 and 1976 a n -I . The r e s u l t s suggest disorder-dependent frequencies for SiH modes such t h a t a high level of disorder a f t e r leu temperature implantation favors monohydride formation t o give the 19% cm-1 band analogous t o t h a t f o r hydrogen-implanted1 a-Si. Other S P bands which spar upon anneaa r e believed t o be due t o displacement defect reordering and aesociated hybogen trapping near the evolved defects . 
-
The temperature dependence of conductivity i n boron doped polysilicon films has been investigated i n films both with and without post-deposition plasma hydrogenation treatment. Samples were prepared by C.V\.D over a range of to i n the BfSi atomic r a t i o of the unreacted vapor species resulting i n a range of nearly 8 orders of magnitude i n s k p l e conductivity. To some extent, a l l samples exhibited non-Arrhenius behavior consisting of curvature in the log o vs. 1/T plot with the apparent activiation energy increasing with increasing temperature. The degree af curvature depended on the doping level with the more lightly doped or l e s s conductive samples shoving l e s s curvature and overall higher activation energies. Exposure to a hydrogen plasma genarally enhances conductivity and lowers the activation energy for conduction. The most substantial effects occur i n samples with i n it i a l l y low conductivity wherein several orders of magnit_ude increase i n conductivity have been observed. -27, 1979 o u t e r e l e c t r o n 1n a n o t h e r hydrogenic s t a t e n ' . The t r a n s 1 t i o n amplitude f a o t o r s I n t o 8 p a r t e n t i r e l y dependent on t h e i n n e r c o r e md a p a r t which 1s a s i m p l e h y d r o~e n i c m a t r l r element f o r t h e o u t e r e l e c t r o n . The form of t h e amplitudes s ua s b t h a t t h e c o e i f i o l e n t t o t h e hydroqenic m a t r i x e l e m~n t be o a l l e d a t r a n s i t i o n p o l a r i z a b i l l ty". ---r~e 1 s e y . w o r k n v e r e r N o t l n q t h e r e c e n t advanoes I n t e c h n i
Suppletncn tary
term i n t h e t r a n s v e r s e a n d t h e I n s t a n t a n e o u s photon a r e c a l c u l a t e d .
The 
R. E. J, SEARS, North Texas S t a t e
Univ.--Burum e t a 1 . l have r e c e n t l y measured the ambient -t e m p e r a t u r e and preeeure f l u o r i n e NMR chemical s h i f t s of l i t h u i m , sodium, potassium, and rubidium t e t r af l u o r o b o r a t e . Using t h e multiple pulse zero c r o s s i n g t e c h n i q u e s of Ref. 1 the 1% s h i f t s of CsBF4, Ag BF4, a n d N H BF have been measured and t h e r e s u l t s a r e r e p o r t i d k e r e . These data, together w i t h the r e s u l t s o f R e f . 1, a r e discussed i n terms of i o n i c r a d i i a n de l e c t r o n e g a t i v i t y c o r r e l a t i o n s . 
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Nuclear.*qnetism in Solid ~ethane.* R.F. CODE, J. HIGINBOTHAM, " and B.M. WOOD, Universl ty of Toronto--The phenomenon of nuclear spin-species conversion i s observed bv NMR in ohase I1 of solld ISCH,.. The anomaly detected in the equ;librium proton suscepiibil i ty a t -temperatures between 2K and 2OK i s shown to be produced by conversion, and to reflect some properties of the. two inequivalent mol e c d a r sl tes in this partlally ordered phase. Details of the time dependence of converslon together with i t s effect on the proton and carbon-13 second moments will be presented. The shape of the spheroid i s allowed to vary according to the point symetry of the nearest-neighbor environment. Chain sited atoms in the A15 structure have tetragonal symnetry envfronment and the associated spheroids are oblate. The shape of this oblate spheroid is a monatomic function of the factor ( s v ' ) that i s related to the ellipticfty. The lattice energy includes the sum of the interatomlc otentials as modified above and a term quadratic in (sv' . Minimization of the P lattice energy w i t h respect o the cell spacing and also with respect to (sv') yields the equlllbrium values f o r these parameters. The lattice parameters so obtained are in excellent agreement with those observed and the shape factors ( s v ' ) so obtained correlate to measured values of nuclear quadrupole couplfng constants. The consequences of these results are dfscussed. *Work supported by NSF grant DMR77-08667.
B I 5
MBasbauer E f f e c t Line Shape i n t h e Presence o f Relaxation. * GILBERT R. HOP, Boston U n i v e r s i t y -
Recent advances i n t h e theory of s t o c h a s t i c l i n e ehape, applied t o nuclear gamma r a d i a t i o n i n the presence of r e l a x a t i o n . penult t h e determination of many p h y s i c a l l y
. .
important parameters. Thia can be accomplished by c a r ef u l a n a l y s i s oE the emitted energy s p e c t r a l d i s t r i b u t i o n . These t h e o r i e s a r e a p p l i c a b l e i n , f o r example, f e r r omagnetic a s w e l l a s the more f a m i l i a r paramagnetic s i t ua t i o n s . The parameters which can be a s c e r t a i n e d i n c l u d e ;
the temperature dependence of the r e l a x a t i o n r a t e s , t h e magnetization of the atomic eyatem, the energy l e v e l s t r u c t u r e of the atomic system, and the form of t h e hyperf i n e i n t e r a c t i o n . To be s p e c i f i c , Mussbauer e f f e c t l i n e shape c a l c u l a t i o n s w i l l be presented assuming a n L=O, S-L atomic ~y a t e m and the f a m i l i a r "~e nucleus. These c a l c u l a t i o n s w i l l include "non-adiabatic" e f f e c t s due t o off-diagonal terms i n the hyperfine i n t e r a c t i o n . I n a d d i t i o n , a Weiss molecular f i e l d ferromagnetic model will be assumed f o r t h e atomic system. I n t h i s way, t h e e f f e c t s o n the l i n e shape due t o changes i n t h e v a r i o u s parameters can be c l e a r l y seen and discussed.
-*Supported by t h e NSF, Grant BDMR BI 6 p u a n t i t a t i v e Mtlssbauer S~e c t r o s c o p y .* R. L.
COLLINS, J. CLEWLOW, and R. T. EAKIN, U n i v e r s i t y of
Texas.--A methodology has been suggestedx f o r q u a n t i t a --t i v e a n a l y s i s of compounda, using Mtlssbauer s p e c t r a taken over a range of temperatures. The problem i B t h a t t h e absorption a r e a i s diminished by a Deb e Waller f a c t o r ,
-

~X~-< X~> / X~. Upon recognizing t h a t <x . i s c l o s e l y prop o r t i o n a l to'To coth T~/ T , it becomes p o s s i b l e t o d e t e rmine both To and t h e absorptioh a r e a corresponding t o <x2>-0. Two experimental cases w i l l be presented!
(1) a s y n t h e t i c sample c o n t s i n i n g equimolar q u a n t i t i e s o f ferrocene and ferrocenium Eluoroborate and (2) the compound B(FC)+, which presumably contained one ferrocenium and three ferrocene l i g a n d s per molecule.
Using d a t a taken w i t h the a i d of a helium d i s p l e w r e f r i g e r a t o r from
15-25011, t h e r e s u l t s a r e :
(1) P~/F,+ -1.09 (expected 1.00) (2) F~/ P~+ = 3.24 (expected 3.00)
The expectations of t h e methodology a r e confirmed, s u b j e c t t o p r o b l e m of r e s o l u t i o n and chick-absorber c o r r e c t i o n n . *Supported by t h e Robert A. Welch Foundation.
'R. L. Collins. Physics L e t t e r s Nuclear magnetic resonance (NMR) has been a fruitful tool for studying interactions in solids. In particular, spin-lattice relaxation of nuclear spins via electron paramagnetic impurities has received considerable attention since Bloembergen' first proposed the relaxation mechanism in 1949. The extension of the theory of spin-lattice relaxation via impurities to the rotating frame by Lowe and Tse2 added a new dimension which allowed a more definitive test of the relaxation mechanism.
Several years ago an experiment using the rarespin detection method3** was initiated to study the magnetic environment of nuclear spins near a paramagnetic impurity. Instead of spin lockings the bulk spins (spins f a r from the impurities), a method of adiabatic demagnetization in the rotating frame (ADRF) similar to that of Lurie and Slichters was used to create an ordered dipolar state. Before proceeding with the original experiment, it was necessary to study impurity-induced relaxation of dipolar order. Since there was no theory for relaxation of dipolar order by means of paramagnetic impurities, samples which were studied by Tse and LoweB in their rotating-frame relaxation experiments were used to provide some means for comparison. Their experimental results confirmed their theory and allowed them to obtain values for the correlation time 7, of the paramagnetic-impurity spins. In our experiments, the characteristic time for decay of dipolar order T: was found to depend strongly on the impurity type and concentration. Furthermore, T! could be either longer or shorter than the rotating-frame spin-lattice relaxation time T :. Measurements of relaxation phenomena in the laboratory frame and the rotating frame on the same crystals used to study spin-lattice relaxation of dipolar order a r e reported to provide information for the development of a theory.
-. In the presence of a large static magnetic field B,, a nuclear spin system will come into thermal equilibrium a t the lattice temperature T,. In this atate the spin system can be described by a density matrix of the form where is the usual Zeeman interaction of the spins with -.
B, andHi is the secular part of the nuclear dipoledipole interaction7 H,. The nonsecular part of H, , is neglected due to its nonresonant character.'
Since HZ >>Hi, most of the spin system's energy will reside in the observable magnetization as; sociated with the net alignment of spins along B,, which is termed Zeeman order. This Zeeman order may be transferred to dipolar order by the ADRF method mentioned above. Dipolar order is characterized by a net alignment of spins along their individual local dipolar fields, which is a state of zero magnetization because of the completely random orientations of the local fields. The spin-lattice relaxation of this ordered dipolar state is characterized by the time constant T: associated with the exponential decay of dipolar order, which may be monitored by reversing the ADRF p r o c e~s ? '~ Jeneer and Broekaert?' (hereafter JB) have proposed a pulse method for preparing the nuclear spin system in a state apparently equivalent to the ordered dipolar state achieved through ADRF. Although this method has only about one-half the efficiency of the ADRF method, it requires a simpler apparatus and allows observation of short T:'s. These authors show that maximum transf e r of Zeeman order to dipolar order occurs when a 9 n pulse which is phase shifted by n radians I. INTRODUCTION solid with dipolar interactions are in excellent Many investigators have studied the interaction of electron paramagnetic spins with nuclear spins in nominally diamagnetic solids since the work of Rollin' and Bloembergen. Studied in particular has been the Bloembergen model in which spinlattice relaxation of nuclei occurs by diffusion of their Zeeman energy to the vicinity of an electron spin, where energy is then transferred from the nuclear spin system to the electron spin, which is assumed strongly coupled to the lattice. This latter feature of the model which attempts to describe the process a t the site of the impurity has itself received considerable attention but still has not been resolved completely. Simply, the picture is a s follows: The electron impurity magnetic moment fluctuates owing to the lattice interaction with an autocorrelation time T,, thus producing a fluctuating magnetic field at the nearby nuclearspin sites which in turn produces transitions of the nuclear spins among their Zeeman levels. It i s widely asserted that 7, is identical with the spinlattice relaxation time T, for the impurity spin. However, this latter assertion has never really been demonstrated experimentally. In fact, we present evidence that the assertion is, in general, not correct. An earlier paper from this laboratory suggested that, by combining with existing agreement with experiment. If electron paramagnetic impurities of sufficient concentration are present in the sample, they may further broaden the nuclear resonance line. Day, Grimes, and Weatherfords have used ~orschach's' theory for the magnetic moment of the impurity effective in interacting with the nuclear spins to obtain an expression for that part of the second moment of the nuclear resonance line due to the impurities. The impurity contribution to the second moment is given by
where N, is the density of resonant spins, is their magnetogyric ratio, N j is the density of paramagnetic ions, and I,,, i s the z component of thrmagnetic m o m e z o f the paramagnetic ion effective in broadening the resonance of the nuclear spins. Rorschach assumes the autocorrelation function for the impurity magnetic moment is from which the spectral density of its fluctuating magnetic moment is calculated to be theory both nuclear TI data and second-moment measurements taken a s functions of temperature, J(W) = J'k(r)eiu+dT 0 one can determine the rC of the impurity a s a func-27 tion of temperature. Measurements and calcula-
= ( I L z )~~~( w ) + ( ( P~) -( P~)~)~+~$~~ .
tions performed in this manner are reported for ce3*-doped c~F~' in the present paper.' 
t o a l l o w i t t o impact ionize an exclton. For t h i s t o
t i o n ) as a f u n c t i o n o f temperature and a p p l i e d f i e l d show occur, t h e c a r r i e r must have an energy greater than Some t h a t a sudden drop i n e x c i t o n concentration occurs t h r e s h o l d energy which i s somewhat greater than the when e l ectt-1 c f i e l d s exceed a temperature dependent e x c i t o n binding energy. At low temperatures (T-10°K) critical f i e l d . The t h e o r e t i c a l r e s u l t s w i l l be compared and modest applied e l e c t r i c f i e l d s (:5 V/cm), the energy With a v a i l a b l e experimental data. of a s i g n i f i c a n t number o f c a r r i e r s I n pure Ge exceed t h l s threshold energy. Once t h l s happens, the impact + Supported i n p a r t by ONR under Contract No. N00014-67-i o n i z a t l on process can change the r e l a t i v e concentratl on A-0094-0036. o f excitons and f r e e c a r r i e r s and the equilibrium law ; i n; shap; : . * PETER A. I-EDDERS, Washington U.--Strange oo I n g ineshapes w i t h extra bumps and dips are occasionally observed i n nuclear acoustic 'resonance (NAR) exoeriments. These anomalies can be e x~l a i n e d by a ' d i s i r i b u t i o n o f e l e c t r i c f l e l d radlents' due t o a random d i s t r i b u t i o n o f defects o r jmpurities. However, one must take i n t o account not only t h e s p l i t t i n g o f t h e s p i n energy levels, but also I n t r a s p i n cross relaxation--the mixing o f spin decay r a t e s by s t a t i c quadrupole e l e c t r i c f i e l d gradients. Examples o f several possible and observable NAR and NMR 1 ineshapes and t h e i r physical o r i g i n s are discussed.
*Supported I n p a r t by t h e NSF. and over a tempareture range of 2.4K t o 17.6K. Doth nbs o r p t i o n and dispersion aignala were osylmnetric, i n d i c a t i a mixture of X ' and x", the r e e l and imaginary parte of t h e n u c l e a r s u a c e p t i b i l i t y . The r e s u l t a f o r the lower tempsratures a r e in tho region where w,t r> I and q& >> 1
We f i n d t h a t thsae resulea a r a i n agreement with theory :
we use a n e f f e c t i v e value of wC~/qL -0.81. "upportad by t h e National Science Foundation. Chemistry, Massachusetts ~n s t i t u t e of !Cechno1ogG --In double resonance experiments, where t h e abundant spin syatem i s p r e p a r e d i n a low temperatwe spin-locked s t a t e , t r a n s i e n t o s c i l l a t i o n s (TO) o f t h e s p i n tempera t u r e s have been observed. These TO f r e q u e n c i e s depend upon t h e s t r e n g t h o f t h e unlike magnetic d i p o l e i n t e ra c t i o n , and s o t h e o r i e n t a t i o n of t h e v e c t o r s connecting r a r e and abundant s p i n s . Thus i f t h e i n t e r n u c l e a r dist a n c e~ a r e known, t h e o r i e n t a t i o n of a s i n g l e c r y s t a l may be determined b y t h e TO frequencies o f i t s resonance l i n e In t h e same manner one may determine t h e chemical s h i f t t e n s o r i n t h e molecular frame using a powder. However, low ! C€l f r e q u e n c i e s a r e overdamped by r a p i d s p i n d i f f u s i o n i n t h e abundant s p i n aystem, preventing measurements i n c e r t a i n o r i e n t a t i o n s . Zllis experiment i n h i b i t s t h i a spin d i f f u s i o n b y spin-locking t h e abundant spdn aystem a t t h e magic a n g l e d u r i n g t h e thermal mix. A f t e r t h e mix t h i a magnetization i s p u l s e d 36' and spin-locked a t resonance.
narrowing t h e r a r e s p i n resonance. Following observatior! o f t h e rare s p i n FID t h e abundant s p i n s a r e pulsed back l;o t h e magic a n g l e and once again spin-locked during a second t h e r m a l c o n t a c t . Since t h e frequency t o g g l i n g causes no h e a t i n g of t h e abundant s p i n s , t h i s cycle may be r e p e a t e d s e v e r a l L h e s . Representative s p e c t r a a r e p r e s e n t e d and experimental d e t a i l s discussed. -D e p a r t i e n t , Univ. of C a l i f . . Berkeley.--The r e l n A t i o n times of FA9 n u c l e i n e a r EuL* i m p u r i t i e s i n CaF, a r e dir e c t l y meaaured a t l i q u i d helium temperatures and B ' 12 kOe. Dependence8 of t h e r e l a x a t i o n time on n u c l e a r p o e i t i o n , f i e l d angle, and temperature provide important c l u e s about the microscopic n u c l e a r r e l a x a t i o n process n e a r a paramagnetic impurity. By measuring t h e n e a r -~l~ p o l a r i z a t i o n a f t e r s a t u r a t i o n of t h e bulk F~~ rcaonance, we have determined t h e r e l a t i v e thermal cont a c t of a g i v e n near-fluorine s p i n t o t h e l a t t i c e and t o t h e b u l k s p i n s . Those s p i n s which a r e i n s t r o n g e r cont a c t w i t h t h e l a t t i c e than with t h e bulk s p i n s a r e d e f i n t o be i n s i d e t h e d i f f u s i o n b a r r i e r . W e f i n d t h a t t h e b a r r i e r encompasses only t h e f i r s t-and second-ahell F" around t h e i o n . A microscopic model of t h e nuclear r e l a x a t i o n p r o c e s s w i l l be discuased.
t h e two "forbidden" ESR t r a n s i t i o n s important f o r the " Submitted by 0. Chnrnbarlain Issue 9, p 32 19-3224, 1975 catspin a l i g n r e n t p a r a l l e l t o the t e t r a g m a l c axis.
For 0.87 s T/T*; s 0.95, Bhf exhibits a pouer l a w Zependence an T c h a r a c t e r i s t i c o f ! systems w i t h two-dimensianal ragnetic crderIn6: Hhp (% -T)P with B = 0.16 +_ 0.01.
, A t 4.2"K 1E-1 2 1 7 + 2 k O e . lkequadrupole s p l i t t i n g is pcsitive~e2~Q/2 =-2.46 2 0.02 m/see) indicating on o r b i t a l s i n g l e t ground s t a t e f o r the Fe2+ ion. By use cf the coleculer end c r y s t a l f i e l d appraxications, ve can q u a l i t s t i v e l y account fcr the temperature dependerce of the &ta over the e n t i r e 600"~ w e .
*
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Q u a d r u p o l e S p l i t t i n u of Fe Nucleus i n Henin.
P . 14OUTSOS and R . R . SHARMA, g. o f I l l . , Chicago--The n u c l e a r q u a d r u p o l e Z l i E i n~ o f Fe i n h e n i n h a s been e s t i n at e d e n p l o y i n s a n e t h o d o u t l i n e d p r e v i o u s -1 y . l The 2 s . 2 p , 3 s , 3p a n d 3d o r b i t a l s o f Fe v e r e c o n s i d e r e d f o r t h e c a l c u l a t i o n of t h e e l e c t r i c f i e l d g r a d i e n t ; t h e 3p-o r b i t a l s v e r e Pound t o g i v e t h e n o s t i n p o r t a n t c o n t r i b u t i o n .
The c a l c u l a t e d v a l u e of t h e s p l i t t i n g i s + 5 . 8 n n / s e c v h i c h i s o f c o r r e c t s i g n b u t about a f a c t o r o f 7 h i g h e r t h a n t h e e x p e r i n e n t a l r e s u l t 2 + 0 . 8 n n / s e c .
Our r e s u l t nay b e c o n p a r e d v i t h t h e p r e v i o u s n o l e c u l a r o r b i t a l c a l c u l a t i o n s 3 v h i c h g i v e t h e s p l i t t i n g a s -1 . 5 n a / s e c .
'R.
R . S h a r n o , Phys. Rcv. B6. 4310 ( 1 9 7 2 ) . 2~. E . J o h n s o n , Phys. L e t t e r s , 21. 419 j i g 6 6 1.
. S. Hun, M. F . R e t t i g , D . I k e n b e r r y and ' I " . P. D n s . T h e o r e t . Chim., Acta. 2 2 , 2 6 1 ( 1 9 7 1 ) .
I3J 7
Sicn of the iluclear Quadrupole Interaction i n Cd source consisted of c a r r i e r -f r e e diffu_sed i n t o a thin single c r y s t a l disc of Cd cut with the c-axis i n t h e plane of the disc. The unique first-forbidden @-decay in t h i s case, involving only t h e B i j matrix element, uniquely defines t h e polarization of the 247 keV level.
Thus, the si&n of the observed r e f l e c t i o n a s p e t r y of the 9-7 coincidences for 0 = t45" about the c-axis of the c r y s t a l with Q fixed it 90' r e l a t i v e t o the [ C ,~] plane, d i r e g t l y degermines t h e si.g of the QI. Tlle r e s u l t i s e qQ/h = +125(4) MHz. Assuming t h a t the quadrupole moment Q i s positive, t h e e l e c t r i c field-gradient (EFc) q = a' v/&Z2 i s shorn t o be positive. Nuclear R e l a x a t i o n i n Lanthanum Rare. E a r t h ~l l o y s . . R . F. WADE a n d D. S. s C H~R U n i v e r s i t v o f I l l i n o i s , Chicaao.-;,,The n u c l e a r r e l a x a t i o n r a t e , R = I/T , o i LaL" h a s been d e t e r m i n e d . i n a s e r i e s o* d i l u t e a l l o y s , g : X X= Ce, P r , Nd, Gd, o r Lu i n t h e t e m p e r a t u r e r a n g e o f 1 -4 '~ a n d u p t o 5SkG.In i n t e r p r e t i n g t h e r e s u l t s , u s e h a s a l s o b e e n made o f t h e d i f f e re n c e s i n r e s u l t s f o r t h e two s t a b l e p h a s e s o f La, f . c . c . a n d d.h.c.p. F o r s m a l l c o n c e n t r a t i o n s , t h e r e s u l t s were l i n e a r i n c o n c e n t r a t i o n , and' t h e l i n e a r i t y p e r s i s t e d u p t o 1 0 % f o r Ce a n d P r . The r a t i o o f t h e i m p u r i t y p a r t o f t h e ~a 1 3 9 r a t e t o t h e p u r e ( K o r r i n g a ) La r a t e f o r a 0.5% i m p u r i t y c o n c e n t r a t i o n was 20% f o r Ce, 1% f o r P r , 60% f o r Nd, a l l i n t h e f . c . c . . p h a s e , a n d 1 8 0 % f o r Gd i n t h e d . h . c . p . p h a s e . The d a t a c a n b e e x p l a i n e d i n t e r m s o f t h e i n d i r e c t c o n d u c t i o n e l e c t r o n m e d i a t e d mechanisms. Rev. B 5. 19 (1972) .
IU 11 Nuclear Double Resonance of Nuclei Near
Electron Paramagnetic Spins.* S. M. DAY and A. L. P I G G , Univ. of Arkansas, Fayettevil1e.--W e report i n i t i a l observations of the nuclear double resonance detection of rare ' 9~ spins located near spin-f paramagnetic ions doped in a CaF2 host crystal. Our i n i t i a l i n t e r e s t ' h a s been in the implications such measurements may have regarding the characterization of that part of the nuclear spin-lattice relaxation process that occurs a t the s i t e of the paramagnetic spin. From the measured frequency s h i f t s of the near l 9~ neighbors, for exanple, we draw conclusions about the autocorrelati on times of the pararnagnetic spins which support earl i e r measurements using a different technique. 
